Concrete is a relatively new structural material, hence the remediation of concrete structures is very rare. There are a lot of concrete fortifications in the Czech Republic, which were built just before WW2. These bunkers formed a long defensive line along the Czechoslovak borders as a protection against Hitler's army. Today, after 80 years, many of the bunkers are listed as Czech national technical monuments with a strict protection of their historical authenticity. The article describes the technical survey and the possible conservation method of a selected concrete fortification, which exhibits a number of moisture related problems. The studied two-storey, heavily fortified bunker is situated close to the northern border of the Czech Republic, former Czechoslovakia. A detailed survey of the building includes the analysis of the interior environment parameters and laboratory testing of the used concrete. A long-term diagnosis identified the main problem, which lies in the inhomogeneity of the used concrete and the relating massive water ingress. However, the monitored bunker currently does not serve as a military structure and, therefore, a simple solution to improve the internal environment was suggested on the basis of the conducted measurements. With respect to the main causes of failures, the authors suggested a conservation method based on using a crystallizing coating. The suitability of the method was first verified under laboratory conditions and then also on the real bunker.
Introduction
The protection and conservation of historic monuments rank to significant engineering issues worldwide. Architecture and original building techniques form an integral part of the evolution of the human civilization and cultural heritage. There is a number of famous structures and monuments whose protection and remediation require a considerable care, which especially applies to relics of ancient civilizations [1] [2] [3] . The European region is known for a relatively large number of younger structures from the Gothic, Renaissance, Baroque, and other periods, and suitable procedures and techniques are formulated for their remediation. Their common feature is the application of original materials and technologies known at the time of their construction to maintain their historical authenticity. The 20 th century history is significantly marked by the massive utilization of concrete, which was widely used for a number of interesting structures and buildings. However, concrete is not perceived as a historical material by the public [4] , hence the protection of concrete structures is very complicated.
There are a lot of small concrete fortifications in the Czech Republic built just before WW2 (on the territory of Czechoslovakia of that time). These buildings (bunkers) formed a long defensive line along the Czechoslovak borders as a protection against Hitler's army, which was planning a massive attack. In the end, the defensive line was not used due to the Munich Agreement from September 1938 (Czechoslovakia was forced to surrender the border area to Germany). Thanks to this, the buildings remained intact by WW2. Today, after 80 years, some of these bunkers are listed as Czech national technical monuments, which ensures their protection.
The Czechoslovak WW2 defensive line consists mainly of light infantry bunkers known as "Model No. 37" (with indirect shooting positions) or their older version "Model No. 36" (with vulnerable direct loopholes). The problem of their underground protection against subsurface water penetration was solved by only one layer of the A/833 bitumen sheet (its designation conforms to the then used bitumen cardboard) with an additional double asphalt coating [5] . Unfortunately, in this inconvenient manner, the protection of underground structures was only provided in the case of extreme adverse hydro-physical conditions resulting from the rock environment; more often, the subsurface was only protected by using special cement based mortar (vertical walls) [5] . As a complement to the prevailing light infantry bunkers, heavy fortifications were also constructed in the areas where a major German offensive was assumed. That area vol.
no. /
Czech WW2 concrete fortifications: Corrosion processes and . . . was the region situated close to the northern border of the Czech Republic, approximately between the cities of Náchod and Ostrava (today, there is a border between the Czech Republic and Poland, but in 1938, there was a border between Czechoslovakia and Nazi Germany). Two-storey, heavily fortified bunkers complemented by a large artillery complex were built in this place. The article is focused on these two-storey, heavily fortified bunkers, which had massive ballistic protection, armoured observational towers and a lower floor (with a stock of ammunition) under the ground. The risk of subsurface water penetration into the structure was substantially higher than in the case of light non-cellar fortresses No. 37 and 36. However, a direct protection of underground structures was performed in the same unsatisfactory way, which means using the above mentioned cement based mortar on the walls and crushed rocks on the bottom [5] . In contrast with the light fortresses, heavy fortification elements were accompanied with a sophisticated system of indirect ways of protection against subsurface water formed by a drainage system along the building's perimeter. Next to that, the foundation base was widened and executed in a 2-5 % gradient towards the building [5] .
Quarried stone of fraction sizes 50-300 mm was stored above it to reduce the speed of dropped missiles. The present system of protection significantly contributed to the reduction of hydro-physical load [5] .
The main problem of concrete structures is the presence of water, because most of the harmful degradation processes are closely related to that [6] [7] [8] . Therefore, preventive approaches and structural solutions lead to the limitation of water ingress into the concrete structure [9] .
The application of crystallizing materials is a very interesting option for the additional protection of reinforced concrete structures of the studied fortification buildings against the water ingress. The materials present in the form of coatings could be properly used to ensure the water impermeability of subsurface structures and ceilings as well. The final surface of all fortresses was equipped with cementitious mortar and a camouflage according to the surrounding terrain. The application of a crystalline coating will not affect the appearance of the buildings because it is based on Portland cement incorporated in the original mortar. This solution enables carrying out a new camouflage to keep the original look as well. The long-term effect of crystallizing coatings will have a significant impact on the reduction of water permeability and the increase in the durability of concrete structures.
Crystallizing materials are often used for the protection of underground parts of concrete buildings against ground moisture and subsurface water. There are many methods of the application of these materials to concrete structures: surface-applied coatings or spraying, repairing and sealing mortars and integral waterproofing admixtures. The crystallizing material consists of Portland cement, specially treated quartz sand and a compound of special chemicals. The composition of the special chemicals in the crystallizing material is thoroughly concealed by all producers. The crystallizing material's waterproofing effect in concrete is achieved by the reaction of the chemical components contained in the solution when combined within the concrete matrix [10] [11] [12] . The special chemicals do not create any mysterious structure inside concrete, they only cause the hydration of not yet hydrated cement grains in concrete (therefore, the process is called "secondary hydration"). The special chemicals penetrate from the coating into the concrete structure using a concentration gradient in the open pore system filled with water (coating with active chemicals = saturated solution, water in pores in concrete = unsaturated solution). For this reason, a thorough moistening of the concrete before the coating application is necessary, but in the case of water leakage (which is a reason for the remediation), moistening is ensured by itself. Concrete with a crystallizing coating is completely effective against hydrostatic pressure as demonstrated by many successful laboratory tests presented in literature [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and also by applications [26, 27] . The "depth effect" of crystallizing coatings was verified by a specific laboratory test based on using the electrical resistivity method [28] . The crystalline coating is also beneficial for the remediation thanks to its properties in terms of the water vapour permeability -the crystallizing coating does not reduce the water vapour permeability of concrete [29] , due to this, there is no risk of condensation in the structure.
The present paper deals with a long-term diagnosis of the actual state of a concrete defensive fortification built in the 1930s and with a recommendation of a non-invasive procedure for its effective remediation. The interior parameters of the monitored bunker are also studied, as these originally military structures currently serve for different purposes. The recommended solution for the remediation of these structures is based on the previous research and practical experience.
Site inspection and used methods

Description of studied structure
The authors of the article chose a well preserved, twostorey, heavily fortified bunker, R-S-74, near the town of Rokytnice v Orlických Horách, situated close to the northern border of the Czech Republic (former Czechoslovakia), for the building survey ( Figure 1 Table 1 . Values of Ca(OH)2 concentrations necessary for the existence of hydrated clinker minerals.
Hydrated mineral Solution concentration
[g CaO/l] 2 CaO·SiO 2 ·n H 2 O Saturated solution 3 CaO·2 SiO 2 ·n H 2 O 1.10 CaO·SiO 2 ·n H 2 O 0.05 4 CaO·Al 2 O 3 ·19 H 2 O 1.15 3 CaO·Al 2 O 3 ·6 H 2 O 0.315 -1.15 2 CaO·Al 2 O 3 ·n H 2 O 0.17 -0.315 4 CaO·Fe2O3·n H 2 O 1.06 CaO·Al 2 O 3 ·n H 2 O 1.06 -0.64
Moisture content monitoring
The analysis of moisture contents in the monitored structure required a complex approach, hence the bunker was divided into smaller sections the distribution of which is shown in Figure 3 and Figure 4 . All concrete interior walls were measured, except the walls with a steel plate facing where the measurement was impossible. Moisture was measured at three heights -the distances from the floor were 0.2 m, 1.2 m and 2.4 m; 180 points were measured in total. The moisture content measurement was conducted by using a non-destructive capacitive method preferably to limit invasions into the structure. However, the calibration by traditional gravimetric measurement (Eq. 1) was necessary for the required accuracy and reliability of this method. Additionally, samples for gravimetric measurement were extracted at different depths to assess the real moisture state of the concrete.
Surface efflorescence
Structural concrete is always exposed to the action of a specific environment with which the interaction is going on. Its intensity primarily depends on single concrete components and the characteristics of the acting environment (concentration, temperature, humidity, etc.). The most frequent problem of both old and new concrete structures is the loss of the primary protection inherent in the natural alkalinity of the Portland cement based concrete. The alkalinity of concrete is ensured by the presence of Ca(OH) 2 , which is formed during the Portland cement hydration. This crucial component of the hardened cement paste with the highest solubility does not contribute to its mechanical properties; other hydrated silicates, aluminates and ferrites can, without doubt, only exist in specific solutions of Ca(OH) 2 , as shown in Table 1 .
The solution decrease of Ca(OH) 2 in pore water leads to a gradual hydrolysis of hydrates and a consequent loss of mechanical properties. The significance of the presence of OH-ions also consists in the passivation of steel integrated in the concrete mass and its natural protection against corrosion. The composition of the hardened cement paste is determined by the chemical properties of the used cement or, possibly, the application of active mineral additives, which are often used for the strengthening of the primary chemical resistance of concrete [31, 32] . However, the kinetics of this type of concrete corrosion also depends on the mass of the flowing water. Water transport could be caused by both the increased permeability of the concrete and the existing cracks.
Thermogravimetric analysis of efflorescence
Samples of efflorescence were collected during the site inspection. Subsequently, they were dried at 105°C and homogenized in the laboratory mill. Thermogravimetric analysis was performed on about 50 mg of the resulting powder by monitoring the weight loss using a temperature rate of 10°C/min. The applied simultaneous DTA-TG apparatus (Schimadzu DTG-60H) uses an aerial condition in the measuring chamber. Exact boundaries were read from the derivative curve (DTG). Three samples were measured for each studied material.
Air humidity in the interior
The infantry bunker R-S-74 is currently used as a recreational facility (for members of the Military History Club Prague, which is the owner of the building), so the issue of moisture also needs to be considered in terms of the indoor environment quality. With higher levels of air humidity, there is also an increased activity of microorganisms, which can release harmful spores into the air. Structures based on limestone carry out chemical reactions with water, which may cause higher concentrations of carbon dioxide in the air. Water firstly reacts with carbon dioxide and dissolves limestone into bicarbonates, Eq. 2, which can be dissolved in water.
vol.
no. / Czech WW2 concrete fortifications: Corrosion processes and . . . Thereafter, when this saturated water drips, CO 2 is emitted into the air increasing its concentration in the air. Insoluble limestone is created by another chemical reaction and can be formed into sinter and stalactites, Eq. 3.
Ca(HCO
The relative air humidity and carbon dioxide concentrations in the air inside the bunker were measured by an electronic hygrometer (Greisinger GFTH) in all rooms and also in the exterior.
Permeability properties assessment
It has been found from historical sources [30] that the compressive strength of the used concrete after 28 days was just about 56 MPa for the R-S-74 bunker (measured in 1938 by CTU in Prague). This shows a high skill of the builders in the 1930s because the bunker was built in December at an altitude of 750 m above sea level under very difficult climatic conditions. This concrete (56 MPa) should be practically waterproof, but, during the building survey, seepage inside the building was evident (confirmed by the current building owner). The authors decided to conduct a laboratory testing of the concrete waterproofing according to EN 12390-8 [33] with a slight modification. There was a problem in obtaining samples from the R-S-74 bunker due to its preserved condition (the building is under national protection as a historical technical monument). Therefore, the authors decided to adopt a substitute solution: obtaining the samples from the nearby R-S-73 bunker, which had been heavily damaged shortly after WW2 by extracting raw materials. The obtained samples are part of the ruined structure, therefore, no damage was done to the historic bunker due to their extraction ( Figure 5 ).
The laboratory testing of the samples was conducted according to EN 12390-8 [33] and BS EN 206 [34] , with a slight modification consisting in modifying the sample dimensions. The samples were loaded by water pressure (0.5 MPa) for 72 hours (Figure 7) . vol.
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The maximum limit of water seepage on the fracture surface of each sample should by examined at the end of the test [33] .
Application of crystallizing materials
Laboratory measurements were carried out on the basis of positive references documenting the sealing effect of crystallizing coatings to verify the possibilities of their successful application during the restoration of the fortification system from the 1930s. The Canadian crystallizing coating, Xypex Concentrate, was selected. The main aim of the performed programme was the assessment of the efficiency of the crystalline agent in improving the highly permeable part of concrete which is more than 80 years old, to reach its total water impermeability. Additional four pieces of concrete were extracted from the bunker No. R-S-73 for the test. They were partially fallen-off parts interconnected with the rest of the concrete structures by stickingout reinforcement rods. The dimensions and shapes of all samples were adjusted in the laboratory to be suitable for the water penetration test. Three samples were unilaterally treated with a crystallizing coating ( Figure 6 ). The last sample was kept as a reference one, without any surface treatment. The samples were subsequently cured in a special box simulating real moisture conditions in the bunker. The measurement of the water penetration depth (EN 12390-8 [6] ) was carried out after four months of curing with respect to literature [35] . A longer time interval of the subsequent testing was chosen due to the high age of the treated concrete where a high rate of hydration was expected. The presence of any hydrating minerals is a necessary prerequisite for the efficiency and the start of the secondary hydration process. The dimensions of the used samples were not accurate according to EN 12390-8 [33] due to the above limitation during the sample extraction. The samples were subjected to a water pressure of 0.5 MPa, which corresponds to the hydrostatic pressure of a water column with 50 m in height (Figure 7 ). 
Results and discussion
Moisture content
The obtained results indicated a slightly increased level of moisture in the structures in the whole bunker. The lowest value of moisture was 1.9 %, while the highest was 7.6 % (in percentage by weight). All results are listed in the first floor and underground floor drawings. The results from spring and winter were compared, because, in winter, the bunker was covered by snow. The linear trend of the results displays that the measurement made in winter exhibits higher values than the measurement made in spring (Figure 8 , Figure 9 ).The moisture content in the structures is not too high on average, but water visibly leaks in many places. The causes were studied during the following inspection.
The results are shown in Table 2 . The moisture values differed -from 2.8 % to 9.2 %. Low moisture values were measured in the high quality part of concrete, while high moisture values were measured in the low quality parts of concrete (for more about the inhomogeneity of the concrete, see below). The results from the deeper samples showed minimal differences. The comparison of the capacity measurement and the measurement in a laboratory by the gravimetric method is listed in Table 3 . Both results coincide with an accuracy of ±30 % in the worst case. When calculating the average moisture content value, the highest and the lowest values were discarded from the calculation. Table 3 . Level of moisture in the structures -comparison of the capacity measurement and the gravimetric method. Figure 10 . Surface efflorescence in the interior (bunker R-S-74).
Surface efflorescence
A visual exhibition of the corrosion product is a typical efflorescence on the concrete surface originating from the leached Ca(OH) 2 and its subsequent carbonation ( Figure 10 ). The results obtained after the thermogravimetric analysis and their comparison with the measurement on standard pure CaCO 3 exhibited a high similarity. The TG curves were analysed for specific temperature intervals by monitoring the weight loss. The average weight loss for the efflorescence samples was 41.2 % in a range of 615 -918°C, which presents the area of the calcite decomposition [36] . The measured weight loss corresponds with the content of 93.85 % of calcite in the studied efflorescence. The presence of calcite efflorescence caused by massive leaching of the binding components of the used concrete was confirmed.
Air humidity in the interior
The results are displayed in the graph in Figure 11 . The chart is divided into individual floors and sorted by the air temperature value. The room temperature is influenced by the usage and placement of local heating (panel radiators), which were additionally installed in the 1980s. The inhabitants (members of the club) stay for a longer term only in the following rooms: club-room, bathroom, dormitory and a room called "střílna". These rooms should comply with the requirements for thermal comfort. The measured temperatures in these rooms, which were between 19.2 -21.1°C, fulfil the criteria for a long-term stay. The thermal performance model of the building was created from the values of the measured air humidity and air temperature (Figure 12, Figure 13 , Figure 14 ). This was made by the "Area 2017" software (Svoboda Software Ltd.). The temperature and moisture values used were based on a real measurement performed in February.
From air humidity and temperature values, the temperature dew point can be calculated. The condensation of air humidity is possible, if the surface temperature is less or equal to the dew point temperature. From the data, which are shown in Table 4 , it is almost certain that there will be no condensation in the measured heated room. But in the unheated rooms, the situation could be different -there is a higher risk of surface condensation so the heating of these rooms and forced ventilation is recommended.
The dormitory room, where the measurement was performed, serves as the place where most of the people in the bunker sleep. The room with this purpose should be adequately ventilated and the CO 2 concentration should be less than 1500 ppm according to EN ISO 16000-26:2012 [37] . The whole room is windowless with a one entrance, has a volume of 43.5 m 3 and usually serves as an accommodation for 6 to 10 people. Unfortunately, there was no possibility to measure the above data for a longer time and examine the CO 2 variability over day and night. The measurement was performed in February from 11:30 until 13:40 with a frequency of once per 10 minutes. The highest measured value reached 2703 ppm, which is by about 80 % more than the value acceptable by EN ISO 16000-26:2012 [37] . During this measurement, there were no more than two people in the room. In the case of six or more people in the room, a higher concentration of CO 2 can be achieved -it could then have a harmful effect on their health. Sometime after the start of the measurement, two people stayed in the room for a limited time. These minor changes in the room occupancy are easy to spot in the graph in Figure 15 . The highest values were measured when people were present in the room. Due to the probe placement on the other side of the room, a devaluation by a direct exhalation on the CO 2 probe was not possible. The air humidity measured in the rooms equipped with the heating was only slightly higher compared to the standard interior requirements. It was confirmed that the source of the moisture in the most damaged rooms was not condensed water on the walls. With a high probability, water seeps into the bunker from the exterior. The interior air quality in terms of carbon dioxide concentrations easily exceeds limits [37] and it is highly recommended to use a forced ventilation.
Permeability properties assessment
Based on the studies of fracture surfaces, it is evident that the concrete used for the construction of the historic bunker consists of high-quality (waterproof) and low-quality (permeable) parts. The observed inhomogeneity could be caused by poor workmanshipinsufficient concrete compaction, a bad ratio of mixed components, or due to severe weather conditions during the construction -low temperatures, heavy snow, strong wind. However, the frequent inhomogeneity in the concrete resulted in its high permeability, which was well manifested during the testing. The extracted samples exhibited massive seepage during the water penetration test (Figure 16 ). The inhomogeneity of the studied concrete is well visible in Figure 17 .
In this case, water had penetrated through each sample during the test (before the end of the time limit). The concrete samples were, therefore, permeable. A subsequent study of the fracture surface of the sample shows that the sample contains different parts with a different permeability ( Figure 17 ).
Application of crystalizing materials
The maximal obtained depth of the water penetration reached values of up to 2 mm, which highly exceeds common requirements for all exposure classes defined in EN 206 [34] . The effectiveness of the remediation Table 4 . Condensation possibility of air humidity, measured in spring. Figure 15 . Measured values of carbon dioxide concentrations in the dormitory room.
no. / Czech WW2 concrete fortifications: Corrosion processes and . . . procedure was verified. The results manifest the sealing effect of the used surface crystallizing treatment (Xypex Concentrate), which had been confirmed in other studies [13] [14] [15] [16] [17] [18] . Highly permeable parts of the historical army structure were positively influenced by the gradual secondary crystallization so that the entire mass of concrete could be considered as impermeable. Now, the application to real bunkers will follow.
Conclusions
The performed program was focused on a systematic analysis of the actual state of a historical monument made of concrete. The monitored structure exhibited a number of water-related failures. The environment parameters inside the bunker were investigated as well.
Obtained findings are summarized below:
• A massive ingress of water is caused by the inhomogeneity of the used concrete and failures of the waterproof envelope. The water transport led to the significant leaching of portlandite resulting in the surface calcite efflorescence.
• The presence of condensed water is caused by the different regime of the current usage, which significantly differs from the original design. That could be properly solved by the ventilation installation.
The internal environment has no impact on the concrete deterioration.
• Laboratory testing exhibited a suitable efficiency of the crystallizing admixtures in terms of the water permeability test. These results were confirmed by operational tests.
• The application of crystalizing admixtures performs a perspective technique, which allows a preservation of the original character of the concrete fortifications.
